A new shedding phenomenon of ventilated partial cavitations is observed around an axisymmetric projectile in a horizontal launching experiment. The experiment system is established based on SHPB launching and high speed photography. A numerical simulation is carried out based on the homogeneous mixture approach, and its predicted evolutions of cavities are compared with the experimental results. The cavity breaks off by the interaction between the gas injection and the re-entry jet at the middle location of the projectile, which is obviously different from natural cavitation. The mechanism of cavity breaking and shedding is investigated, and the influences of important factors are also discussed.
Artificial gas injection is an effective method to reduce friction drag and optimize flow for high-speed underwater vehicles. [1, 2] There are usually three ways to achieve this. First, huge amounts of noncondensable gas are injected into the cavity to form a supercavity. [3, 4] Second, bubbles of noncondensable gas are injected into the liquid turbulent boundary layer to form a gas layer, which can reduce the friction drag. [5] Third, gas is injected to the partial cavity, which can also increase stability.
For the third method mentioned above, re-entry jets are often observed for natural partial cavities, flowing upstream along the flow axis and leading to quasi-periodical evolutions such as breaking, shedding and internal collapse. Many analyses have been presented by using cavitation tunnels and other relevant measuring equipment. Among them, Kubota et al. [6] described the unsteady flow field of the cloud cavitation, and their results indicated that the shedding cavitation cloud was comprised of large scale eddies. Le et al. [7] measured the collapse pressure of the shedding cavity. Callenaere [8] investigated the re-entrant jet instability and the associated cloud cavitation on a plano-convex hydrofoil, and carried out a variety of different classifications and analyses on these phenomena. Correspondingly, in Ceccio's review paper, [2] it was mentioned that gas injection can prevent strong re-entry jets and cavity shedding ideally. There is also research on stable ventilated partial cavitations. For example, Kunz et al. [9] developed a multi-phase CFD method to analyze natural and ventilated cavitations, and their results indicate that the ventilated partial cavitation exhibits similar dynamic behavior to natural cavities but tends to be more stable. A similar approach for the three-component model has been reported by Ji et al. [10] Kopriva et al. [11] carried out an experimental study of hydrofoil drag reduction by ventilated partial cavitation in both steady and unsteady flows, in which effective drag reduction and sharp increasing of lift to drag ratio were achieved. Lay et al. [12] conducted a large-scale experiment of the ventilated cavity formed downstream of a backward-facing step, and reported that the produced stable cavity can reduce the skin drag by more than 95% over the extent of the cavity, including the cavity closure.
Previous research has mainly focused on stable cavitation, especially supercavitation, however, unstable cloud cavities can be created from re-entry jets in ventilated cavitations. In this Letter, unsteady characteristics of the ventilated partial cavitation around an axisymmetric projectile are investigated. A cloud cavity shedding phenomenon is observed in the experiment, and its mechanism is analyzed.
The experimental system is a split Hopkinson pressure bar (SHPB) based launching device, [13] which can transiently accelerate the projectile and cause little disturbance in water tank. The details of the system has been reported elsewhere. [14] To create the ventilated cavity, the projectile is designed as a hollow cylinder with a conical head (as shown in Fig. 1 ). The length of the projectile is 246 mm and the diameter is 37 mm. There are 16 ventilating ducts in total, distributed at the same distance around the projectile's shoulder. The external diameter of the duct is 1.5 mm and the internal diameter is 1 mm. Before launching, the interior of the projectile was full of air with pressure at 1 atm. When the projectile is launched, the pressure drops significantly around the shoulder and the cavitation occurs, then the air inside the projectile injects into the cavity through the duct at a very high speed. A high speed camera capable of capturing 10 5 fps was used to record the process. A typical photograph gained is shown in Fig. 2 . In the image we can clearly see the cavitation with shedding bubbles appearing at the shoulder and tail of the projectile. The length of the cavitation was defined as shown in Fig. 2 . In the following, the evolution of the cavitation will be mainly studied based on experimental images and numerical simulation. In a typical experiment, the projectile was launched with an initial speed of 16 m/s. Through analysis of the obtained images, speed variation can be calculated by a center differential method as shown in Fig. 3 . The total pressure of the air inside the projectile is initially 1 atm. The duct is the throat of air injection flow where the Mach number is equal to 1. With a simple aerodynamic calculation, the total pressure at the exit of the duct is about 0.93 atm, and the mass flow rate per duct is approximately 0.15 g/s.
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In order to simulate the motions of water, vapor and noncondensable air, and the interphase change of the first two phases, the homogeneous mixture approach is adopted, in which a classical Singhal model is used to simulate the phase change, and a modified RNG -model with Reboud correction is used to simulate the turbulence. Details about the numerical 014601-2 method can be found in Ref. [15] . In this study, the computational domain is set to be axisymmetically discretized with block structure grids, which is shown in Fig. 4 . The grid near the ventilating duct is shown in Fig. 5 , and the pressure inlet condition is applied for the air injection with the total pressure as 0.93 atm. During the period of the experimental observation, the air loss is negligible, so pressure change of air injection is not considered.
From both the experimental and numerical results, it can be seen that cavity shape evolves in three stages: cavity growth and the development of the re-entry jet and its back flow to the projectile shoulder, and the interaction between the gas injection and the re-entry jet, as shown in Figs. 6 and 7 . The evolution of the cavity length is shown in Fig. 8 based on the measurement method in Fig. 3 . In the first two stages, the cavity lengths above and below the projectile are nearly the same, which indicates that the cavity shape retains its axisymmetric property. During this period the evolution is similar to that of natural cavitation.
A quasi-periodic shedding phenomenon appears in the third stage. A typical evolution of the cavity shedding process is shown in Fig. 7 (both experiment and  simulation) . The cavity shape in this stage is no longer axisymmetric. The cavity length varies with the time as a result of growth and shedding of the cavity, and lengths above and below the projectile are obviously different. The numerically predicted length also shows a similar value and development trend as the experimental result.
The shedding phenomena observed here are very particular under ventilation conditions. Its mechanism and the difference with natural cavitations are worth noticing. For the shedding process shown in Fig. 7 , the numerically predicted evolution of velocity fields is shown in Fig. 9 (contour lines represent the volume fraction of water), and the flow patterns can also be analyzed as schematic diagrams shown in Fig. 10 .
As can be seen from Figs. 9(a) and 10(a), before disturbed, the gas injection and re-entry jet both flow close to the projectile wall. When they meet each other, the re-entry jet is pushed away from the projectile.
When the re-entry jet encounters the cavity surface, the pressure arises in the interaction area, which makes the re-entry jet turn around and flow towards the projectile (shown in Figs. 9(b) and 10(b) ).
When the re-entry jet meets the gas injection again, a high pressure area is also formed near the projectile wall, which makes the jet turn the flow direction again in a snake-like movement (shown in Figs. 9(c) and 10(c)).
As the re-entry jet continues to flow upstream, the two high-pressure zones expand and gradually connect, and the cavity breaks within the region between them. The downstream cavity is within a vortex and will shed with the main flow. At this time, the flow pattern around the upstream cavity is exactly the same as the one shown in Figs. 9(a) and 10(a) . The upstream cavity will continue to evolve similarly as described above (shown in Figs. 9(d) and 10(d)).
As described above, it is the interaction between 014601-3 the gas injection and the re-entry jet that induces the cavitation to break and shed. Different from the natural cavitation, the cavity usually sheds as a whole caused by the re-entry jets flowing back to the shoulder. Furthermore, we can infer that the breaking location is influenced by the energy ratio of the gas injection to the re-entry jet. Under the experimental condition in this study, the ratio is approximately 1, which makes the cavity break in the middle position. In summary, with a projectile launching device based on an SHPB system, a new shedding phenomenon of partial cavitation around the underwater projectile is observed, and the mechanism is investigated based on a numerical simulation with the homogeneous mixture approach. For the shedding phenomenon of the ventilated cavitation presented here, the cavity breaks in the middle location of the projectile quasi-periodically, which is significantly different from natural cavitation. Numerical simulation indicates that the re-entry jet breaks off the cavity from outside towards the projectile after a series of interactions with the gas injection. The breaking location of cavities depends on the energy ratio of the gas injection to the re-entry jet. Numerical methods adopted here can effectively represent the physical phenomena, so they can be further applied to predict unsteady cavitations with similar conditions.
